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BACKGROUND

In the Fall of 1979, a meeting was held at the U.S. Geological Survey National
Center, under the auspices of the Geological Framework Program. This meeting
met to consider what steps should be taken to augment seismic information on
the southern Appalachian overthrust belt that indicated that there might
possibly be sediments beneath a thrust sheet made up largely of igneous and
metamorphic rocks. Two seismic surveys had been conducted (See Figure 1)
where data was released to the public domain. One survey was carried out by
the Consortium for Continental Reflection Profiling (labeled "COCORP" in
Figure 1) in northeastern Georgia (Cook and others, 1979); the other survey
was done under contract by the U.S. Geological Survey (labeled "USGS" in
Figure 1) in eastern Tennessee and northwestern North Carolina (Harris and
others, 1981). Both surveys showed strong evidence of thin-skinned tectonic
movement, with steep faults at the surface becoming flat-lying at depth,
implying an extensive overthrust of largely metamorphic rock that covers the
Blue Ridge and Piedmont geologic provinces (See Figure 2). This possibility
has enormous economic implications, even suggesting the possibility of a new
hydrocarbon province. The problem then faced was how to test the underlying
rocks: were they sediments, and if so, were they indurated? Since the thrust
sheet was typically 5 - 10 kilometers thick, an exploratory drill hole was
prohibitively expensive without further information to be able to locate it.
Magnetotellurics was suggested as a less expensive alternative to drilling
that could possibly test for conductive rocks beneath the overthrust.

The recommendation of the meeting was to suppport a limited experiment into
whether magnetotellurics could provide the relevant information about possible
underlying sediments. Some initial modelling was carried out (Figures 3, 4,
and 5) and these results appeared to justify a test survey, which was
ultimately specified to be coincidental with the U.S.G.S. seismic profile in
North Carolina. This report is the ultimate product of that magnetotelluric
survey.
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Figure 3.7 One-dimensional magnetotelluric models for the over-
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North Carolina. Triangles indicate model of the over-

lying sheet made up principally of non-indurated sedi-
ments.
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One-dimensional magnetotelluric models for the over-
thrust sheet east of the Brevard Fault Zone in North
Carolina. Triangles indicate the appearance of rela-
tively unmetamorphosed sediments underlying the thrust
sheet, and resolution can be seen to be limited due to

the increased thickness of overlying metamorphic rocks.
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INTRODUCTION

The U.S5. Geoloagical Survey is carrying out studies of the
eastern overthrust belt in the southern Appalachians. To date,
thi; work has included regional geologic mapping and seismic
reflection profiles in southeastern Tennessee and western North
Carolina. These and other studies have led to the recent scientific
papers that raise the possibility that there are sediments buried
beneath the crystalline rocks of the thrust sheet., If these sedi-
mentary rocks do in fact exist, and are relatively unmetamorphosed,
then a potential new hydrocarbon province may be opened. If the
sedimentary rocks are relatively unmetamorphosed, they should be
more conductive then the underlying and overlying crystalline rocks.
This type of geologic model is ideally suited to the magnetotelluric
method. Data collected from tensor magnetotelluric soundings should
determine the presence or absence of conductive rocks to depths of
4 - 8 kilometers and may permit an approximate evaluation of the degree
of metamorphism along the profile (the more resistive, the greater
the degree of metamorphism).

To this end, the U.S. Geological Survey contracted Argonaut
Enterprises to perform a magnetotelluric survey along its previously-
obtained seismic lines, where the geologic and seismic control are
the best in the region. The stations were located as closely as possible
to the existing seismic profiles, within the constraints of avoiding

artifacts of human culture that might degrade the quality of the data.




Because there is a much higher incidence of these artifacts, includ-
ing powerlines and pipelines, in the eastern United States, the
U.5.6.S. decided it was necessary that the MT stations be acquired
using a remote reference to help reduce the electrical noise in

the data. Following these guidelines, 10 magnetotelluric stations
were acquired in five pairs with each pair remotely referenced to
the other. Figure 1 is a regional index map showing the outline of
the area covered by Plate 1; detailed site locations are presented

in Appendix A.
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Figure 1: Index map of the Appalachian area showing the major geologic

features and the area covered by Plate 1.




PREVIOUS WORK

Classic geologic mapping in the Southern Appalachian Mtns. sur-
vey area is summarized by Rankin and others (1972) at a scale of
1:250,000. This work is a good reference for work at more detailed
scales. The Southern Appalachians are made up of four major topo-
graphic features trending from northeast to southwest: the Valley
and Ridge province, the Blue Ridge province, the Piedmont province
(including the Inner Piedmont, the Charlotte belt, and the Carolina
slate belt), and the costal plain.

Cook and others (1979, 1980) reviewed the classic geology in
light of COCORP (Consortuim for Continental Reflection Profiling)
seismic data and concluded that “the crystalline Precambrian and
Paleozoic rocks of the Blue Ridge, Inner Piedmont, Charlotte belt,
and Carolina slate belt constitute an allochthonous sheet, generally
6 to 15 km thick; which overlies relatively flat-lying autochthonous
lower Paleozoic sedimentary rocks, 1 to 5 km thick, of the proto-
Atlantic continental margin". Thus, the crystalline rocks of the
southern Appalachians appear to have been thrust at least 260 km to
the west, and they overlie sedimantary rocks that cover an extensive
area of the central and southern Appalachians.

The sedimentary rocks beneath the crystalline thrust sheet
have unknown hydrocarbon potential. Stearns (1971) noted that
future targets for hydrocarbon exploration in the southern Appalachians
are the Cambrian Ordovician Knox Group and various Cambrian formations.

It is this sequence of rocks, or a part thereof, that most likely




extend beneath the southern Appalachian thrust sheet. The depths

and implied degree of metamorphism of the Paleozoic sedimentary

rocks suggest that if hydrocarbons are present in producible
quantities, they would be in the form of natural gas. Many

questions remain regarding the nature of these sedimentary rocks

and their degree of metamo;phism, but it is clear that the discovery
of these strata calls for reconsideration of the resource possibilities
of the crystalline southern Appalachians.

Very little electrical geophysical data pertaining to the
southern Appalachians was found in the literature. Heinrichs (1966)
discusses induced-polarization and dipole-dipole resistivity mea-
surements on a mining prospect in Ashe County, N.C., located 35 km
northeast of the magnetotelluric profile (see Plate 1 for location).
Resistivities to a maximum depth of 650 meters varied between 200
and 10,000 ohm-m with most of the values in the range 2000 to 7500
ohm-m.

Anderson and Keller (1966) conducted a series of Schlumberger
and dipole resistivity soundings in and along the flanks of the
central and northern Appalachians. Source 7 was located near
Philipsburg, Pennsylvania about 15 km northwest of the boundary be-
tween the Appalachian Plateau and the Valley and Ridge Province. As
expected the results indicate a thick (6000 m) sequence of moderately
conductive (85 ohm-m) sedimentary rocks under a 1000 m thick surface

layer of 900 ohm-m material. Basement rock appears resistive but the




sounding was not deep enough to obtain a value. Source 6 was

taken near Watkins Glen, New York where the Paleozoic section is
similar to that in western Pennsylvania except that the Precambrain
basement is thought to be closer to the surface in the northern
section of the Appalachian Plateau province (about 4000 to 4300 m).
The surface layer of 80 ohm-m resistivity was found to be only 2400
m thick and appears to be underlain by rocks of 4500 ohm-m resis-
tivity. Keller and Anderson ascribe the discrepancy in projected
depths to basement to the probability that the several thousand
meters of Cambrian and Ordovician limestones overlying basement are
closer in resistivity to the Precambrian basement than the surface
sedimentary rocks.

From source 5 in the Adirondack area between Plattsburgh and
Elizabethtown, New York, they interpret a geoelectric section con-
sisting of 3500 meters of 5000 ohm-m (probably granite) overlying
rocks with "a much higher resistivity". Near North Woodstock, New
Hampshire, even higher resistivities were obtained from source 4 in

a three layer sequence:

layer resistivity (ohm-m) thickness (m)
1 1,300 50
2 20,000 or more 8,000
3 1,000 or less

Source 3 located near Montpelier, Vermont will not be considered

here because the soundings obtained from it appear to have anomalously




16w resistivity values probably caused by high percentages (as

much as 10 percent) of graphite and pyrite. Source 2 was located
north of Kokadjo, Maine and source 1 was located south of Sourdna-
hunk, Maine, seperated a distance of 20 km. Omitting surface

layers less than 100 m thick, the data indicate resistivities of

at least 10,000 ohm-m beneath the soundings and "much more conductive

rocks to the northwest".




THE THEORY OF THE MAGNETOTELLURIC METHOD

The magnetotelluric (often abbreviated as MT) method is
a way of determining the electrical conductivity
distribution of the subsurface from measurements of natural
transient electric and magnetic fields on thg surface. The
MT method depends on the penetration of electromagnetic
energy into the earth. Depth control comes as a natural
consequence of the greater penetration of the lower

frequencies.

Results interpreted from measurements at a single site
are often considered analogous ¢to an induction log. very
heavily smoothed, obtained without drilling a well. Results
from a line of meaéuring stations are interpreted to give
underlying conductivity distribution and structure. That
picture of the subsurface can in turn be related to porosity

and salinity, since conductivity depends primarily on those

This chapter summarizing the theory of the magnetotelluric
method was produced 1largely by lifting sections from the
papers of many of the auvthors, especially Vozoff

s/

(1972, 1976).




two factors in common sedimentary rocks. A third factor,
temperature, 1is an important variable in geothermal areas.
In the past few years the MT method has been applied
increasingly to problems in exploration and in eafth
sciences generally. These problems range from studies of
the interior of the earth (on a regional scale), to the
search for o0il and gas and geothermal energy (on an
intermediate scale), to the search for minerals (on a small

scale).

The time variations of the earth’s electric and
magnetic fields at a site are recorded simultaneously over a
wide range of frequencies, usually on digital tape. The
variations are analyzed by computer to obtain their spectra,
and various parameters (such as apparent resistivity) are
computed as functions of frequency from the spect;a.
Interpretation consists of matching the computed plots to

curves calculated for simplified models.

The Signals

The time—~varying magnetic (H) signal is the always
present "noise" in the earth’s magnetic field. When very

large, it interferes with magnetic surveys. In the
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conducting earth, the changing magnetic field induces
telluric (eddy) currents and voltages: the 1latter are
proportional to the electric (E) signals. They are very
similar in appearance to the H signals. On chart records,
both sets of variations look irregular and noise—like for
the most part. At times, in certain frequency bands, the
variations may appear sinusoidal, but the sinusoids are not
an important part of the signal for MT purposes. Signal
amplitudes fall off rapidly with increasing frequency over
most of the range of frequencies vused. Signal 1level can
increase very Tapidly at the onset of magnetic storms, an
increase of a factor of 10 being common, and even a factor

of 100 is not unusual.

Most of the magnetic noise reaching the-earth below 1
H:x is due to current flow in the ionized layers surrounding
the eatth. The currents are powered by solar activity and
by the relative motions of the earth, sun, and moon. At
frequencies above 1 Hiz, worldwide electrical thunderstorm
activity within the atmosphere is the major coaontributor.
The transient fields due to thunderstorms can be exceedingly
large locallu, while those associated with tornadoes are

greater still.

In the low—frequency range, mean directional properties

from the source are fairly random so that, given sufficient
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recording time, all source directions are sampled. This 1is
very fortunate since individual observations should then be
reproducible even though the electric field does not always
flow perpendicular <to the source field, due to 1local
anisotropy. At higher frequencies the source fields are not
so vuniform in direction, depending on the 1location of
thunderstorm centers, and one can obtain = sets of
nonrepeatable data depending upon the Telative directions of

source field and lateral resistivity contrast.

Effect of Earth Conductivity on H

When the magnetic fluctuations reach the surface of the
earth, reflection and refraction occur. It is now well
established that the signals can be approximated by
electromagnetic plane waves. This will not be true under
all conditions, but holds for the vast majority of
geological situations of interest in petroleum prospecting
(Madden and Nelson, 1%63; Rikitake, 1%966; Vozoff and

Ellis, 1966).

Although the majority of the incident energy is
reflected, a small portion is transmitted into the earth and

travels vertically downward. To the conducting rocks, this
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energy appears as a magnetic field which is changing with
time, and electric fields are induced so that telluric
currents can flow. These telluric currents are completely
analogous to the eddy currents which flow in transformers
due to the changing magnetic fields caused by the

alternating current in the primary windings.

Energy in the downgoing disturbance is quickly
dissipated as heat. As a Tesult the field penetration is
relatively small in terms of its wavelength in air. The
penetration mechanism in this situation 1is actually

diffusion rather than wave propagation.

Current density in the earth depends on resistivity P
as might be expected. Within a rock, the normal
relaticonship between the electric field and "the current

density at each point is

j=E/p.

This differential form of Ohm’s law is really a definition
of resistivity and is wvery similar ¢to the Ohm’s law

definition of resistance,
I =1,K.

In mks units E 1is in volts/meter, Jj is in amperes/square
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meter, O is in ohm-meters, and H is in amperes/meter.
However, because the fields are so small, the more commonly
used practical uvnits are mv/km for E and gammas for H. The

practical units will be used in later sections.

The E measurement is actually a voltage difference
measurement between two electrodes. In a uniform earth, the
voltage difference V between electrodes a distance 1 apart

would be

In the MT method it is usually assumed that E 1is constant

over the length of the wire; i. e.,

The depth of penetration of the fields into the earth
is inversely related to rock conductivity.. In a uniform
earth E and H weaken exponentially with depth: the more
conductive the earth, the less the penetration. The depth
at which the fields have fallen off to (1/e) of their valves

at the surface is called the skin depth 8.

8 = \/Z/wpd m
=~ }Vp/f km,

where f is frequency, w=27f., and L is permeability.
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( 7. in the earth 1is taken equal to Ho except in highly
magnetic materials. ) Frequency enters into the equations
because the magnitudes of the induced telluric currents

depend on the time rate of change of the magnetic fields.

In a wvuniform or horizontally layered earth all
currents, electric fields., aﬁd magnetic fields are
practically horizontal, regardless of the direction from
which these fields enter the ;arth. This comes about
because of the high conductivity of earth relative to air.
It can be thought of in terms of Snell’s law in optics, with
the velocitq.in the earth being orders of magnitude smaller
than that outside. Furthermore, the currents and electric
fields are at right angles to the associated magnetic fields
at each point. If E is positive to the north, H is positive
to the east. That is, viewed from above, E must be rotated

90 degrees clockwise to obtain the direction of positive H.

The mathematical description of the perpendicular E and
H fields in a uniform isotropic conductor includes all these

features in a concise form:
H, = HP ¢+ ti—asi, |
E, = Epeiettti-and,

F2 = (1 — DwudH2 /2.

The superscript indicates <the value at the surface.
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Particularly interesting is the ratio

EY (1 —1wud
— = ————— ohms
HY 2 (1)

= (1 — 1) (wp/20)".
Since E and H are recorded at frequencies which <can be
accurately measured and since yZ2 varies little Fromlu% in
most rocks, the ratio shows the relationship which exists
between the conductivity and the measured +fields. The

equation can be solved for conductivity, giving

o' = (1 — {)(wp/2)!? & (2)
) ,

Equation (2) is usually rewritten in mks units as
i(lL)’
P wi H,

and the superscripts are omitted.

In practical units, where E is given in mv/km and H is

in gammas, the magnitude of p is

When lo (or O ) is calculated from E and H valvues, it is

called an apparent resistivity f% (oT apparent
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conductivity o, ). P and Pa 2aTe related, but they must be
clearlq distinguished. | Pa is the resistivity that a
uniform earth must have to give the measured value of ¢the
impedance Z. p is a property of the medium, whereas
Pa depends on how it is measured. The ratio of Ei to Hj

at each frequency is the impedance Zij for those components
at that frequency. Since E and H are usually not in phase

Zij is taken to be a complex number.

In a uniform earth, pg, has to be the same at every
frequency, and E 1leads H in phase pg 45 degrees at all
frequencies. (This can be checked by substituting Equation
(1) into Equation (3).) Thus, if we plot p, and phase

against frequency, we see that both are constants.

In discussing kinds of elecerical strbcturg: it is
vseful to define -two-dimensional and three-Jimensional
structures. In the two—dimensional case [O = O (x,2)1,
conductivity varies along one horizontal coordinate and with
depth. The other horizontal direction is called the strike.
When conductivity varies with both horizontal coordinates
and with depth [ O = O (x,y,2)], the structure is said to be
three-dimensional and has no strike. If O depends only on
2, the structure is one-dimensional. In each case, O at

each point can depend on the direction of current flow;
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if O does depend on direction, the medium is anisotropic.

If the conductivity changes with depth, Pa varies with
frequency, since lower frequencies penetrate more deeply.
Apparent resistivity can be written and computed exsctly for
any desired combination of horizontal 1layers, whether
isotropic or arbitrarily anisotropic. It can be calculated

approximately for any two-dimensional model structure. As

might be expected, Z for horizontally isotropic and
homogeneous layers does not depend on the directions used as

long as E is measured perpendicular to H.

When favlting or jointing are present, O varies
laterally or with direction, and the |y and E which are
induced _.by a given H depend on their direction relative .to
strike. In order to sort out these effects, we record
complete horizontal E and H fields (two perpendicular
components of each) at every site. In addition. the
vertical component of H is also recorded, for a total of
five rTecorded signals in all. These are designated Hx :

Hyl HZ' Exn and E’.

In general, Ppg at each frequencuy varies with
measurement direction. We assume that there is a strike but
that its direction is unknown. Then E, is due partly to

Hy s but alsq partly to currents induced by Hy » which have
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been deflected by the structure. The same is true of Ey ’

so the relations are written
Ez = Zxx”x + ZIVHUD (4)

Ey = ZuxHx+ZyyHy~ (5)

For example, Zyx gives the part of E, which igs due to Hy o
and so forth. Since Ey and Hy are generally not in phase,
the Z’s are complex. E and H component amplitudes are
obtained by computer—analyzing the records using methods

described in the section on data analysis.
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FIELD PROCEDURE AND INSTRUMENTATION

Although basically simple, field procedures require a
great deal of planning and attention to detail, since they
dominate-the costs; and the sensitivity of the measurement
makes it highly vulnerable to disturbances at the measuring
site. Sites must be chosen with care, to avoid possible
souTrces of disturbance such as cathodic protection
circuitry, power and fence lines, unprotected pipelines, and
vehicle and pedestrian trg#fic. Two pairs of electrodes
aligned at right angles must be laid out at each site, as
must three mutually perpendicular magnetometer axes. A

set—up is shown schematically in Figure 2.

For the E-field measurements, sheet 1lead electrodes
provide low-resistance and low—-noise electrical connections
with the earth. The input to each of the E-field channels
is the wvoltage difference between an electrode pair.
(Although one usually thinks of the earth as being at zero
potential, voltage differences must exist if telluric
currents flow., because the earth has finite conductivity,
and 3 = EO.) The farther apart a pair of electrodes, the
larger the signal voltage measured, so it 1is wusually
desirable to put +the electrodes as far apart as possible,

subject to other factors, such as obstructions, property
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geographic north

x-axis

C) ~() — y—axié

recording truck

c> lead electrodes

C' 3~component cryogenic magnetometer

. electric generator

Figure 2: Magnetotelluric sensor orientation.
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boundaries, the time needed to lay out connecting wires, and
the minimum spacing tolerable between adgjacent measurement
sites. For routine operations, it is desirable to use fixed
wire lengths. Finally, since the wires must not be
permitted to move in the earth’s main magnetic field as this
induces noise, clods of dirt must sometimes be placed every
few feet along the wire to restrain it, a very

time—consuming task.

The two electrode pairs are intended to measure two
perpendicular components of an electric field vector which
exists at each site. However, it 1is possible for the
electric field on the surface to change in both direction
and intensity over very short distances, due to 1large
lateral resistivity changes near the surface. Large
electrode spacings s£ou1d be wused in this situation to
average over as much of the variation as possible, or the
resulting data will apply ¢to conditions which are too
localized to be of  wuse. For best averaging in these
circumstances, it is also important that the two electrode
pairs form a <cross whose four arms are as nearly equal in
length as possible, rather than being arranged to form an
"L" or a "T", (Swift, 1967), and that the magnetometer be
near the center. Although the <cross is preferable,

difficult terrain may require one of the other arrays.
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Topographic features can cause distortions similar to
those caused by resistive heterogeneities. While these can
also be modeled, it is better to avoid them if possible,
especially if the relief is more than 10 percent or so of

the electrode spacing.

The H-field sensors consist of a three-axis crgogenic
magnetometer with a 30 liter liquid helium reservoir. Since
magnetometers are even more sensitiQe to motions than are
the wuwires connecting <the electrodes, the magnetometer is
firmly seated in a & inch to 12 inch deep hole and covered

with a wind screen.

The recording instrumentation contains amplifiers,
Filtefs, a multiplexer, an analog—to-digital converter, and
a digital cassette drive contrslled by software commands
from a 32K word, 16 bit mini—;omputer and timed by & clock
synchronized with the National Bureau of Standards WWVB time
code. A block diagram is shown in Figure 3, and

specifications are given in Table A .

Normalized system response curves calculated Ffor the
bands used are shown in Figure 4 . System calibrations were
made‘at the beginning of the survey and at the end of the
survey and were within 34 of the calculated responses from

one decade below the lower corner frequency to one octave
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TABLE A : Specifications of Argonaut Enterprises MT dats

(1)

(2)

(3

{4)

(5)

(&)

(7)

acquisition system as of October 2, 1979.

Electrical field detectors (2 component): four electrodes

in a square array using 100 to 300 m lines.

Magnetic field detectors (3 component): three—axis super

conducting quantum—interference device (SGUID) magnetometer

with 30 liter dewar and sensitivity of better than 10

gammas. '

Analog signal conditioners:

(a) instrumentation preamplifier gains of 2, 5, 10, 20,

50, and 100 ‘

(b) post amplifier gains of 2, 5, 10, 20, 50, 100, 200,
500, 1000, and 2000’

(c) active 60 Hz notch filter with 45 db rejection and
variable @

(d) 2 stages of passive (RC) low pass filtering: 6 db/
octave rolloff with corner frequencies of 0.16, 1.6, 16,
and 160 Hz.

(e) active low pass filter: 12 db/octave rolloff with
corner frequencies of 0.02, 0.06, 0.2, 0.6, 2, 6,

20, 40, and 200 Haz.

(f) active high pass filter: 12 db/octave rolloff with
corner frequencies of 0.001, 0.002, 0.005, 0.01, 0.03,
0.1, 0.3, and & Hz.

(g) The filters in each channel can be independently reset
to zero by (1) manval switch on the front of each amp-
lifier—filter board or (2) by the mini-computer under
software control. '

B~-channel differential-input multiplexer and analog—to—digita

converter with 12 bit conversion plus 3 bits of programmable

gain on each sample.

Timing control unit:

(a) can be interrogated by the computer to give day of the
year, hour, minute, and second.

(b) wupdated millisecond interrupt clock.

(c) accuracy to better than 1 millisecond when synchronized
with WWVB.

Digital tape recording with complete information for pro-

cessing contained in the tape header.

In-field monitoring of recording and playback processes

by a 16 bit, 32K memory, mini—-computer.
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above the upper corner frequency. Within the pass band the
match was wusuvally better than 17%. Total +filter and
amplifier noise in the band from 0.001 to 1 Hz is less than

eight microvolts (referred to input).

The field measurements for thié survey consisted of
recording simultaneously five orthogonal E and H fields over
a nominal range of 0.002 to 200 Hz. Rather than record the
entire frequency Tange at once, several narrouwer,
overlapping bandpass segments were wused. The four bands
used for this survey are shown in Table B . The frequency
range is divided this way for two important reasons: to
make best use of the available dynamic range and for economy
in digital reco£din§. That is, dividing the frequency Tange
permits the use'of large gains in some parts of the spectrum
and lower gains in others, according to <the signal levels
actually present at recording ¢time. The economic aspect
enters, since the total recording duration is a@ multiple of
the longest period which is being recorded, whereas
digitizing rate is at least four times the highest frequency
being recorded. If the band is very wide, far more short
period data will be acquired>than is necessary while waiting
for adequate sampling of long periods. The 1- to 2- decade
segments used are a compromise. For further efficiency.,

recordings can be scheduled so as to aveoid known or
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Table B: Magnetotelluric recording bands.
3 db down corner frequencies
band | digitizing| active active passive average
interval | high pass | low pass low pass number of
(two stages) points
recorded
I 0.0005 5.7 200 160 60,000
B 0.01 0.32 . 20 16 60,000
G 0.04 0.32 2 1.6 60,000
J 0.3 0.005 0.64 1.6 20,000
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anticipated noise. Customarily, several recordings are
obtained in each frequency band at different times of the
day, because noise and signal are both variable and 1largely

unpredictable.
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DATA ANALYSIS

The purpose of data analysis is to extract reliable
values of impedances, apparent resistivities, and the other
earth response functions (ERF) from the field records, and
to present them in a form convenient for interpretation.
Operationally, data analysis consists of (a) manuval editing
of records to reject +those Jjudged to be contaminated by
noise; (b) computer manipulation of tape-vecorded data to
transform @all records into the frequency domain, to derive
the ERF which are used for interpretations, to screen each
valuve computed, and to plot in a form convenient for
interpretation the values which pass the screening; and (c)
manual - evaluation of the results to reject suspect data and
to attempt to extract useful portions of previously rTejected

data when necessary.

The first phase, manual editing. involves the
examination of both recording log books and chart records
for evidence the artificial or wind noise is large enough to
downgrade a record. Records degraded by noise are not used
if their use can be avoided, although it is sometimes
necessary to reconsider wusing their quieter parts when

insufficient quiet data exist.
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Normally, 20 to 35 data sets (each 2048 points 1long)
per band are picked for processing. ‘Each data set has its
mean removed and then is tapered by a cosine bell so that
harmonics as 1low as the second might be used. Then a FFT
(Fast Fourief Transform) is pefformed and the resulting
Fourier coefficients are used to compute power spectra. All

pbwer spectra in a8 band are then averaged.

It is heipful at this point to describe a +few of the
properties of the ERF, in order to explain some of the
procedures which are used in data analysis. In
two-dimensional structures when neither of the coordinate
axes is along strike, all.four _elements of the impedance

tensor 2 are nonzero and have different values. Magnetic

ij
field components in the x direction giye Tise to some
‘currents - along x» in addition to the y—directed currents,
which would be the only ones if the earth were wuniform or
horizontally 1layered. Magnetic 4y components are likewise

associated with both E, and E, . so that Z,,. Zyy: Zyx: and

y
Zyy will 811 have some finite values. -Now if the coordinate
axes are rotated (either physically or by fomputation) until
one of them is along strike, then currents due to Hy can no
longer be deflected into the x direction and those due to
H, flow only in the x direction. In this situvation, Z,, and

y
zyy must be zero. The other pair are nonzere and wunequal,
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_since current densities will differ in the two directions,
and the E components must also differ. 1If ¢the coordinates
are rotated a further 90 degrees, the same situation is
found, except that the Z values are interchanged. Some of
the other properties of the impedence elements are not so

apparent. One of these is that

Lo = — Z,, i (6)

regardless of the angle between the <coordinate axes and
strike. Equation (6) was also found by computation to be
valid for an arbitrary number of horizontal layers, each of
which is arbitrar;lg anisotropic. Another important

property is that

Z+ — Z,, = constant

at all orientations.

In three—dimensional structures, the tensor elements
are still well behaved, according to Sims and Bostick

(196%9). By plauvsibility arguments, they arrived at

T i
Zex 4+ Z,, = constant

and

Zy — Zy; = constant.
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The zij are first found from the transformed data by
solving Equations (4) and (5) (see The Theory of the
Magnetotelluric Method). This involves using two equations
in four unknowns. The apparent discrepancy is resolved by
taking advantage of the facts that the Zij change very
slowly with frequency and can therefore be computed at far
fewer frequencies than there are transform values. That is,
the Zjj are calculated as averages over frequency bands with
each band including many points of the transform. There are
six different ways of computing each of the four tensor
components (Word and others, 1970; Sims and others, 1971;
Vozoff, 1971). Two of the expressions tend to be relatively
unstable for the one—~dimensional earth, particularly when
the incident fields are unpolarized. Another pair ofg?he

. expressions are biased down by random noise on H and are Sot
-biased by random noise on E, while the remaining two are
biased up by random noise on H. The six expressions are
computed and' checked to see if they are stable and fit a

two-dimensional structure. The ones which pass the tests

are then averaged and uvsed to compute the impedance tensor.

Once the %J have been found in the original (x,y,2)
coordinate system, they can be rotated to any other system
(x’,y’,2’) by an angle 9 in the clockwise direction. The

24

principal axes of Z are the values of 9 at which ny and
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'yx take on their largest and smallest values.,
respectively. One way of finding these directions is to
compute Z for many values of 9 and interpolate to +find
maxima and minima. It is preferable to use an analytical
technique if possible, to reduce computation. However. the
only such technique which has thus far been developed does
not directly maximize either Z’xy ( 9) or z',x<9> . Instead

it solves for the angle 90 at which

| Z4,@0) | + | Z).(60) |* = maximum. |

Setting the derivative with respect to 9 of this sum equal

to zero gives (Swift, 19467)

(Zxx — va)(zxv‘-*- Z,,)‘ + (Zz: + Zr')‘(zzv il zlt).

tan 46 =
1z.. — z,,I° — |z., + z..”

This same value of :90 also satisfies

‘Z’,.(G,) ]’ + IZ;,(G.,) l’ = minimum,
so that in the case of two—dimensional structures the scheme
finds the true principal axes. In the three—-dimensional
case, the method picks a slightly more general maximum,

i.e..

]z;,,(o) + z;.(o)l = maximum"‘




34

(Sims and Bostick, 19469). The results are seldom shown as

impedance values. Instead, the Z'ij are converted to

apparent resistivities P' » with
1
o= — | Z]n
Pij 5]' Jl

Apparent resistivity has the phase of Z§ that 1is, the

j ’

phase difference between E; and Hj.

Four different Z9%. are extracted at each frequency:

J
Zyyo Z'xy' z'yx' and z’yy- The main purpose of analysis
and plotting is to permit interpretation, which 1is now
practically possible only for two—-dimensional structures.

Hence, only P;y and P’yx are routinely plotted, since they

are the only two which appear in two-dimensional models.

As noted above, both. (zxx + ) and (ny - Zyx) are

Zyy
independent of 9 » as is their ratio. The magnitude of the
complex ratio of these quantities is called skewness,

| 2=+ 2,

S .
‘Zn" n'

If S is large, structure at the site must appear to be

three—-dimensional 'in that frequency range.
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The multiple coherence values are a result of analyzing
the MT problem as a multiple input single ouvtput linear
system. In particular it is a measure of the correiétion
between an electric field measured and one predicted by the

radial magnetic fields.

There are two multiple coherence values corresponding
to the different electric fields. The functions are
computed from the power spectra according to the following

formula

* * 12 * *]2 * * *
M- HyHy I, EX 1" 0y IHy BN -2 Re (H,HY HEXE, HY)
X »* *, ]2
E, Ey (HHyH HE = [H, HE)

A similar expreésion exists for the-{E} function by

substituting Ey'For Ey above. (Reddy and Rankin, 1974).

The other ERF are designed to vuse the verticsl magnetic
component H, to help determine which of the two principal
impedance axes is the strike direction.. At the same time,
the remaining ERF aid the interpreter in understanding the
cause of apparent anisotropy, point out distant 1lateral
conductivity changes, and often provide additional warning

when three—dimensional structural conditions occur.
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From the field data, we want to find the horizontal
direction in which the magnetic field is most highly

cohe;ent with H In two-dimensional structures., that

zv

direction will be constant and perpendicular to strike.

The procedure, dvue to T. R. Madden (1968,
unpublished), is to assume that H, is linearly related to Hy

and H, and to write at each frequency

y

H,= AH,+ BH,,

where A and B are unknown complex coefficients.

Using a least—squares derivation, we can solve for A
and B. This pair of coefficients can be thought of as

operating on the .horizontal magnetic field and tipping part

of it into the wvertical. For that reason, (A and B) is
called the “tipper”. Its magnitude in each frequency band,
7] = (]l | Bl

= (A2 + i+ B + BY'r,

'shows the relative strength of H,. For a two-dimensional
structure striking in the direction ( ¢i 90) degrees from
x, the tipper strike qb can be determined by a natural

extension of the tensor rotation method, proposed by Sims

§
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and Bostick (1949). Here ¢ is chosen to maximize

i

[A']* = |4 cos ¢ + B sin ¢[?,

and is denoted cl)z .

We find the necessary condition to be

2(a.b, i)
tan (2¢.) = @ + 5:3) j—(: f—)}- 5.7

If we use the Fortran function ATAN, so that -90 dlegrees
L2 ¢2 £ 90 degrees, then lAllz is a maximum if
( or3+ aiz )2¢( b:-{- biz ), and lA"z is a minimum if
¢ Aui + c!iz)s( br2 + biz ). 1¢ lA,lzigxminimum. we need to add
180 d?grees to.24)2. In either case!,’ the final angle ¢2 is
determined to within 180 degrees." A definite choicp* for ¢2
is made by taking ¢2'as the angle for which the phase of A’

is in the range (-0 degrees, 90 degrees).

A single site recording is subject to biasi_ng by noise
on any of the measured fields. The recording of a remote
pair of H-fields can be used to minimize uncorrelated noise.
1f we denote the remote channels by H:* and HR* and multiply

y
through Equation (4), we have

R¥* . R¥ R¥*
E Hy =Z,y Hy Hy 42, H HZ™
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If we then solve simultaneously for Zxx and ny, we
find
R¥ R¥* R* R*
;o ExHy HyH —E H"H H
X X
D
R¥* R3¢ R3¢ R¥
, = ExHy HyH" —E HT H Hy
Xy y
D

where D= Hx H:*Hy H;*—Hx H;* Hy Hi* » and the bars

denote averages. Similar treatment of Equation (5) yields

estimates of Zyx and zyy:

R¥ R R* R¥*
Zyx’ EYHX HY HY EYHY HY HX
D
R¥ R¥ R3¢ R
. Ey Hy Hx Hx Ey Hx H!( H’
yy
D

These solutioﬁs for the impedance elements- contain no
avutopowers and include only crosspowers between the base and
the remote station. The impedance estimate will then be
unbiased by noise, provided the noise is uncorrelated.

(Goubau and others, 1978)
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INTERPRETATION

The quality of the data collected during this survey
is, at the best, fair and,often» very poor. Noise sources
of importance were water  well pumps., 60 Hz power
distribution lines, and virtually continuous rain and
lightning storms during the entire survey period. Remote
reference rTecording, parallel E-field «checks, and system
calibrations gave assurance that Argonaut’s equipment was
functioning correctly. As a final check, stations 2, 4, 5,
and & were completely retaken including new E-field wires
and electrodes. Minor improvement wss observed for the
repeated stations 2 and 4, but none for 5 and 6.
Coherencies also indicste the poor quality of this data, and
so extreme caution should be observed in using the rtesults

of the following interpretive comments.

Probably the single most important step in MT
interpretation is the systematic examination of the apparent
resistivity wverses frequency date for the survey area
(Appendix B). This step, roughly equivalent to the familiar
seismic "brute stack", yields (a) the approximate vertical
sequence of resistive and conductive units, (b) approximate
location of faults and structural <trends, and (c), most
important, the structural complexity as evidenced in the

data, which will indicate which modeling route to take for
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the continuation of the interpretation. The asbove
procedures involve examining all of the MT data with an eye
to the interrelation between sites, as impressions gained
from an individual site by itself or even a8 single profile
may be misleading. As shown in Appendix E (Arnold Orange.
1981,  wunpublished)., it is most important to identify
evidence of strong two and three-dimensional effects. While
one is wusually forewarned by preliminary geologic and

regional geophysical (gravity., magnetics) studies.,

frequently the MT data will exhibit wunanticipated effects.

The qualitative examination step identifies these effects.,
and leads to the determination of the appropriate modeling

procedures.

The interpretation of MT data as currently practiced by
most geophysicists active in the field relies heavily on
one—dimensional inversions of the parallel to strike (TE)
component of apparent resistivity. Two—dimensional models
are used as an aid to interpretation but final resistivity
and geologic sections are most frequently seen as contoured
or “picked” sections with the one—dimensional (TE)
inversions as the base. This technique is applicable in
many instances, and excellent MT interpretations have been
produced as a result. There are, however, important

geologic structures where the TE based, one~dimensional
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inversion interpretation will be seriously in error (see
Appendix E). To avoid this the interpreter must 1learn to
Tecognize those situvations where the procedure is
inappropriate, and to have available alternate procedures to

follow in order to arrive at a successful interpretation.

Table C shows electrical strike determined for each
station. It is readily apparent that except for station 3,
the strike is northeast or east which agrees reasonably well
with the mayjor structural trends in the area. Station 3 is
inside a Precambrian porphyry body and 1less than three

kilometers from the noise of the plunging Fries Fault.

The station density of this survey is too sparse by at
least a factor of three for a «cross section of any
confidence, but the attempt was made as it was a requirement
of the contract. Therefore, a northwest—southeast section
was drawn between stations 1 and 10 (Plate 2), with an
offset between stations 7 and B. Using the Bostick (1977)
continuous inversion in Appendix D as a first start,
analytic discrete 1layer inversions wusing a program by
Anderson (1978) were made for the ten stations on the
profile (see Table C(C). Because this highly speculative
cross section <clearly shows the strong two-dimensional
character of the structure, it should only be vused as a

starting point for a two-dimensional analysis.



.Table C:

station

10

Strike direction,

TE mode choice,

and analytic

one—dimensional inversions for TE mode.

strike

60

&0

135

70

80

30

60

?0

90

80

TE
mode

xy

yx

xy

Xy

xy

Xy

xy

xy

yx

Xy

layer
number

PUN= WU DWW~ DLW

W -

W W= W= b=

W~

(ohm—m)

5, 000
10, 200
200
200

500
1, 000
20
1,000

1, 400
19, 000
1,700

2, 100
16, 000
1,000
100, 000

2, 300
320
2, 000

2, 000
85, 000
10, 000

550

12, 000
500
30, 000

1, 000
200
20

250
2,700
440

20
125
30

resistivity

o

?)

depth to bottom
of layer (km)

3.

40
70

11
49

230

30
57

17
39

17
39

Q

. 43

. 87

.32

)

.44
. 8O

.21

(?)

.37

19

Yla
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COMPUTER PLOTS OF DATA

Tensor Apparent Resistivity
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APPENDIX B2

COMPUTER PLOTS OF DATA

Tensor Phase,

Tipper

Multiple Coherencies,

Rotation.,

"Strike", Tipper, Skewness
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